We report on a prototype of piezogenerator based on vertically-aligned GaN nanowires grown by Plasma-Assisted Molecule Beam Epitaxy (PAMBE). Our device generates a peak-to-peak voltage from 20 mV to 60 mV depending on the applied force. The output power density reaches 0.76 mW/cm 3 which is of the same order of magnitude as the state-of-art value. Furthermore, the pressure applied to deform the nanowires is of the order of kPa, much less than that used in previous reports (which were of the order of MPa) utilizing ZnO nanowires for the power generation. Thus, an enhanced mechanic-electrical conversion efficiency has been achieved. Our GaN nanowire based devices are promising both for pressure sensing applications and for mechanic energy harvesting.
Introduction
Today, the independent powering of nomad electronic devices still remains a challenge. Generators based on piezoelectric nanowires offer the possibility of converting ambient mechanical energy into usable electrical energy, which enables the realization of ultra compact power sources to meet this need.
The piezogeneration potential of ZnO nanowires has been widely studied in the past years, and various integrated devices have been fabricated. However, the mechanic-electrical conversion efficiency of the devices remains low since rather high external force has to be applied to generate an electrical response [1] . GaN nanowires have a higher piezoelectric coefficient compared to ZnO nanowires at the same size scale [2] . At the same time, they yield a higher single-nanowire piezogeneration, as demonstrated experimentally by Gogneau et al. [3] . In this work, we use GaN nanowires to fabricate piezogenerators producing electricity under small external forces.
Nanowire Growth
The GaN nanowires used for piezogenerator fabrication were grown by plasma-assisted molecular beam epitaxy. At first, a thin n-doped AlN buffer layer is deposited on a n-type doped Si (111) substrate to ensure nanowire verticality [4] . This ultra-thin layer is doped and presents a good electrical conductivity, allowing the nanowires to be electrically connected to the Si substrate. Then the growth of GaN nanowires is performed under nitrogen-rich conditions at a substrate temperature of 790 °C. Nanowires are characterized by a cylindrical shape and a hexagonal cross section. The nanowires mostly exhibit N-polarity. They have a height of the order of 1.45 µm ± 107 nm, a diameter of 47 nm ± 16 nm and a density of the order of 10 9 NWs/cm² ( Figure 1 ). The nanowire morphology is illustrated in Figure 1 , displaying cross-sectional and top-view SEM images. 
Device Fabrication
To fabricate the devices, the as grown nanowire arrays are encapsulated into diluted PDMS. PDMS can penetrate between the nanowires filling uniformly the empty space, then it is annealed for 1 h at 80 °C. With this encapsulation, nanowires in the device are fully separated and electrically isolated while their orientation is well preserved. Then the nanowire tops are uncovered by doing reactive ion etching (RIE) and the Cr/Pt top Schottky contacts are deposited though a shadow-mask. The size of the contact pad is 3.14 mm 2 . Finally, an ohmic contact is directly deposited on the substrate serving as a back contact. The device schematic is shown in Figure 2 . 
Device Performance
Firstly, the I-V curve of the device is measured. We observe a rectifying behavior which confirms the good quality of the Schottky top contact (Figure 3 ). The resistance of one contacted region is about 0.3 MΩ. We then use an isolated shaker head (1 mm diameter) to apply a controllable force on the device top contact at a given frequency (from 1 Hz to 50 Hz). In this way, the nanowire array under the shaker head is compressed and released uniformly along the growth c-axis direction. Figure 4 shows the voltage generated by the device at a tapping frequency of 30 Hz. A generation voltage up to 25 mV is observed in this measurement. The device is connected to an oscilloscope with a load resistance of 1 MΩ. To calculate the output power, we use the formula:
where R = 1 MΩ and U = 30 mV, the maximum peak output voltage. The effective volume of the active material is calculated as:
where r = 0.5 mm is defined by the diameter of the shaker head, h = 1.5 µm is the height of the nanowire array. In this way, the output power density is estimated as 0.76 mW/cm 3 . This value is of the same order as the present state of art value [5] . Besides, by controlling the applied force of the shaker, the pressure added onto the device during the whole measurement process is in the order of kPa. Compared to existing reported results, our device has an enhanced mechanical-electrical conversion efficiency for small applied force. Therefore, it is suitable for conversion of small ambient deformations.
Conclusions
In this work, we embed vertical self-assembled GaN nanowires grown by PA-MBE on Si (111) substrate into PDMS to fabricate piezogenerators. By compressing and releasing vertically the nanowire array along their c-axis direction, we observe a piezogeneration with a peak-to-peak voltage ranging from 20 mV to 60 mV. An output power density of 0.76 mW/cm 3 is estimated at a pressure of the order of kPa. The strong response under low external pressure received shows the good mechanical-electrical converting capability of our device. Therefore the device is promising for future applications not only as a generator, but also as a sensitive pressure sensor.
